Cryptococcus neoformans var. neoformans ura5 mutants were transformed with linearized or circular plasmids containing the C. neoformans orotidine monophosphate pyrophosphorylase gene. Following electroporation, randomly isolated transformants were analyzed for the mitotic and meiotic stability of uracil prototrophy. All stable transformants tested showed nonspecific ectopic integration. Uracil prototrophy in these transformants was stable through meiosis. Some of the stable transformants showed integration of both URA5 and vector sequences, while others lacked any vector sequences. Unstable transformants exhibited the presence of an autonomously replicating plasmid which had undergone significant sequence rearrangement. The autonomously replicating plasmid in the transformants was observed to be the same size or smaller than the transforming plasmid, was maintained in a linear form, and had acquired a genomic sequence(s) with homology to a sequence(s) on all the chromosomes. The conservation of a 300-bp sequence at the 5' end of the URIS gene was observed in all the rearranged plasmids. These results suggest mechanisms of plasmid maintenance in C. neoformans that are different from those reported for other yeasts. The ura5 mutant was significantly less virulent than the wild type. The transformants did not recover virulence regardless of prototrophic stability.
Plasmid-mediated transformations of yeast cells can occur by two possible mechanisms: integration into the host genome or maintenance of autonomously replicating plasmids. Integration is a low-frequency event, and its products are usually mitotically stable. The frequencies of transformation generated by this method are generally low (ca. 1 to 10/,ug of DNA in Saccharomyces cerevisiae). Transformations with autonomously replicating extrachromosomal plasmids yield considerably higher transformation frequencies (103 to 104/,ug of DNA) (24) . The maintenance of such extrachromosomal plasmids has been attributed to the presence of autonomously replicating sequences (ARS). Integration in S. cerevisiae occurs primarily at homologous sites (25) , and the transformants are mitotically stable. However, in Schizosaccharomycespombe, most integration events occur at ectopic sites, the transformants are unstable, and the transforming DNA is excised to produce rearranged plasmids (28) . Since most rearrangements of this type have been reported to be the result of genomic DNA insertions (28) , the proposed mechanism would involve random, unstable, ectopic integration into the genome followed by normal (inserted sequences only) and aberrant (more or less than the inserted sequences) excision (2, 28) . This mechanism is supported by observations of the generation of ARS-containing plasmids following transformation with non-ARS-containing vectors (28) .
Previous studies reported the production of stable and unstable transformants upon transformation of Cryptococcus neoformans by electroporation with linearized or circular plasmids (6) . Stable transformants were mostly the result of ectopic integrations of plasmid DNA into the genome. All the unstable transformants harbored an episomal, rearranged plasmid. In the present study we have mapped the * Corresponding author. altered plasmids with various restriction endonucleases to further characterize their form and the rearrangements. The transforming ability and the meiotic and mitotic stability of the plasmids have also been determined. In addition, the virulence of the transformants was determined in mice.
MATERIALS AND METHODS
Strains and media. The ura5 mutants (FOA-01-11-2 and FOA-4476) were selected by plating cells of C. neofonnans var. neoformans (B-3501 and B-4476, respectively; serotype D) on 5-fluoro-orotic acid (5-FOA) medium (6 Fig. 1) , has been described previously (6) . Total DNA was extracted from the stable and unstable transformants as previously described (23) mants (see Materials and Methods), a normalized amount of total DNA was used for these transformations. While no transformants were obtained when total DNA from any of the stable transformants (which did not contain a free plasmid) was used, total DNA from each of the unstable transformants successfully transformed the uraS mutant. DNA from the unstable transformants generated uracil prototrophs at variable frequencies. The frequencies of secondary transformation varied depending on which primary transformants' DNA was used and whether the transforming DNA used was either uncut or digested with EcoRI (for those plasmids still maintaining an endogenous EcoRI site). Hybridization of plasmids pURA5g2 and pUC19 to total DNA of these secondary transformants revealed the absence of further plasmid DNA rearrangements only when uncut DNA was used (Fig. 7, lanes 3 to 6) . If the transforming DNA had been digested by EcoRI, however, the plasmids in the secondary transformants were altered further (Fig. 7,  lanes 7 to 10) . These transformants were observed to be stable for uracil prototrophy on selective medium (MIN) but became unstable after several serial transfers on nonselective (YEPD) medium.
Chromosomal localization of inserted sequences among the transformants. Chromosome-size DNA from 10 subclones each, obtained from both B-3501 (wild type) and FOA-01-11-2 (uraS mutant), and from eight transformants was separated on a gel by using the CHEF system (Bio-Rad; CHEF-DR2). The CHEF patterns of the 10 subclones from B-3501 transforming plasmid, pURA5g2, were mapped for a variety of restriction enzyme sites (Fig. 4) showed an identical 11-band pattern (data not shown). The 10 subclones isolated from the untransformed uraS mutant (FOA-01-11-2), however, exhibited three different patterns due to variations in the third-largest band as well as in the sixth-largest band (data not shown). Variations in the CHEF patterns of the transformants (Fig. 8A) were identical to those observed among the uraS subclones. These variations were, therefore, not associated with the transformation process. Hybridization with pURA5g2 and pUC19 showed that in the unstable transformants UT-1 to UT-4, plasmid sequences had not been integrated ( Fig. 8B and C) , while nonhomologous integration was evident among the four stable transformants (arrows in Fig. 8B) . Two of the four stable transformants (UT-15 and UT-16) showed only the presence of insert sequences, while the others (UT-10 and UT-12) showed the presence of both vector and insert sequences (Fig. 8C) .
Meiotic stability. Two stable transformants, each with an ectopic insertion, were separately used in matings (see Materials and Methods) to determine the stability of the uracil prototrophy through meiosis. All the isolated basidiospores from the cross between transformants, derived from FOA-4476, and B-4500 were able to grow normally on MIN. Thus, meiotic stability of the uracil prototrophy was not affected by the nonhomologous, genomic insertions containing the URA5 gene (data not shown).
Virulence of the uraS transformants. Virulence in mice was determined by injecting cells of a wild-type strain (B-3501), the uraS mutant (FOA-01-11-2), an unstable transformant (UT-1) harboring an autonomously replicating plasmid, and two stable transformants (UT-5 and UT-12) with ectopic integrations in different chromosomes. Figure 9 shows the survival of mice for a period of 55 days. The uraS mutant and all the transformants were significantly less virulent than B-3501 (P < 0.001). The virulence of the unstable transformant (UT-1) and that of the stable transformant (UT-5) were not significantly different from that of the uraS mutant (uraS versus UT-1, P = 0.053; uraS versus UT-5, P > 0.1). The stable transformant UT-12, which produced no mortality, was even less virulent than the uraS mutant (P < 0.001).
DISCUSSION
Stability of the uracil prototrophy reflected the fate of the transforming DNA. Integrations into the genome predictably generated stable transformants. Hybridizations of plasmid DNAs to EcoRI-and NcoI-digested total as well as CHEFseparated chromosomal DNA revealed the integrations to be ectopic.
The unstable transformants all harbored autonomously maintained URA45 sequences. Southern analysis of the fragments generated by restriction at the unique enzyme sites, such as StuI (Fig. 5) , was suggestive of the linear form of the plasmids. This was then corroborated by digestion with the exonuclease Bal31 (data not shown). Most of the unstable transformants maintained on nonselective medium lost the URAS sequences and became auxotrophs after the first transfer. This is not surprising since autonomously replicating plasmids have been shown to be lost during mitosis in several yeasts.
Prototypic ARS sequences promote the extrachromosomal replication of circular DNA molecules and increase transformation frequencies in a variety of fungal systems (10) . By these standaids, the pURA5g2 plasmid does not contain an ARS. However, it clearly does replicate to a degree sufficient to confer prototrophy. The data presented (27) . Hybridization of plasmids, purified from the unstable transformant (UT-4), to all the CHEFseparated chromosomes suggests the presence of sequences on the plasmid which are also present on every chromosome. It is possible that contaminating heterogeneous chromosomal DNA sequences which might hybridize to all the chromosomes are eluted from gels. This is unlikely since hybridization patterns similar to those with the plasmid from UT-4 were also observed with plasmids from several other transformants. No (18) and S. pombe (12, 28) . Similar phenomena involving excision of heterologous DNA have been reported for simian virus 40 DNA in mammalian cells (2) . Homologous integrations which are reported to be 100% in S. cerevisiae (25) , 80% inAspergillus nidulans (29) , 37% in Podospora anserina (9) , and 1 to 5% in N. crassa (3), Coprinus cinereus (1), and Sordatia macrospora (4) apparently do occur in S. pombe (28) , as well as in C. neoformans (6) . While in most organisms such insertions are stable through mitosis regardless of copy number, tandem duplications are unstable during meiosis (4, 11) . The low frequency of homologous insertion in C. neoformans may indicate the lack of a gene replacement mechanism. It could also depend upon the recipient strain or the gene pair used and not necessarily be a characteristic of the organism. Such cases have been reported for N. crassa, for which the frequency of homologous integration was 90% for the trp-1 system (15) and 15% for the qa-2 system (5).
While the chromosomal karyotype of subclones of the wild-type strain (B-3501) were identical, variations were observed for subclones of the uraS mutant (FOA-01-11-2). This suggests that the uraS mutant, isolated based on its resistance to 5-FOA, may inherently possess genomic instabilities. It is possible, therefore, that a mechanism active in an already unstable environment may influence the fate of the ectopic DNA insertions. A mechanism altering the cell as to the site of genomic instability and causing eventual excision has been proposed for N. crassa (19, 20) and Ascobolus immersus (14) . In such cases, duplicated sequences are inactivated prior to meiosis by methylation of the cytosine residues. Such methylations reduce ectopic recombinations which could create lethal rearrangements such as inversions, deletions, or translocations. It would also discourage transpositions throughout the genome, which has been seen in maize (8) .
The chromosomal site and/or the number of copies integrated also influence the fate of the integrated sequences in A. immersus. Inactivation via methylation was 50% if the sequences were ectopic and 90% if they were tandem (7). Since the excess DNA used in transformations can frequently causes tandem insertions, such a mechanism could well be induced.
While a significant difference in virulence was observed between the wild-type and the uraS mutant, no such difference was recorded between the mutant and the transformants. Low levels of virulence for the unstable transformant may be the result of plasmid loss in the host and/or the consequence of the harsh electroporation procedure. The low levels of virulence exhibited by the stable transformants, however, may well be more complex. In addition to the electroporation conditions, the presence of foreign DNA and the ectopic integrations may affect the growth of cells in the host tissue. The inability to restore virulence by integrative stable transformation may well be the consequence of the existing genomic instability of the uraS mutant, as exhibited by variations in the CHEF karyotype. Isolation and then transformation of a uraS mutant possessing a stable karyotype may adequately address the influence of the number(s) and site(s) of genomic insertion(s) on virulence.
C. neoformans is the first yeast pathogenic to humans in which heterologous recombination between genomic and exogenous DNA appears to be the rule rather than the exception. It therefore is an appropriate fungus with which to study the effects of heterologous insertion on fungal virulence. Furthermore, the generation of linear, autonomously replicating plasmids offers the opportunity to isolate ARS-like or telomerelike sequences, which can be a tremendous asset in cloning and characterization of various genes including those involved in virulence.
